Abstract-Device-to-device (D2D) communication has attracted substantial research attention recently, due to its potential to improve coverage, spectrum efficiency, and energy efficiency within the existing cellular infrastructure. One major challenge for spectrum resource sharing in D2D underlay lies in the mutual interference between cellular user equipments (CUEs) and D2D user equipments (DUEs). Considering this mutual interference constraint, this work investigates the problem of optimal matching of D2D links and CUEs to form spectrum-sharing partners to maximize ergodic sum rates under transmit power and outage constraints. Unlike previous works, full channel-state information (CSI) is not required. To solve the resulting high-complexity problem, candidate DUE sets are first narrowed down according to required outage probability constraints, which are used to construct a simplified bipartite graph. The weight of the bipartite graph is characterized as the maximization of ergodic sum rate of the associated D2D and cellular links under outage constraints for which a low-complexity algorithm is proposed to solve the nonconvex problem. After constructing the bipartite graph, the Hungarian algorithm is used to determine the optimal pairing between D2D links and CUEs. Numerical results demonstrate that the proposed algorithm can improve the outage-constrained spectrum efficiency of D2D networks with practical complexity.
(BS) and communicate directly. Incorporating direct D2D links into existing cellular infrastructure can potentially improve cellular spectrum and energy efficiency, offload BS traffic, and extend network coverage. In events or locations involving high density of users, file and content sharing among users with social network connections can benefit substantially from D2D sidelink connections to offload the otherwise heavily congested cellular BSs [1] . Underlay D2D communication, which enables D2D links to work in the cellular spectrum [2] [3] [4] , is a common mode of D2D communication.
In a D2D underlay cellular network, D2D links sharing spectrum with cellular user equipment (CUE) can improve spectral efficiency by controlling cochannel interference. For this reason, the D2D underlay must carefully execute interference management. There have been many research efforts devoted to this topic. Some examples can be found in [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] . Although D2D underlay appears to be a natural extension of the aforementioned interference control, the key difference lies in the predefined quality of service (QoS) guarantee required of the cellular services. Without enforcing the QoS constraints in the sum rate maximization [5] , it can be inherently unfair to those CUEs that allow a D2D underlay. As a result, most D2D-related literatures formulate the interference control problem as maximizing the overall network throughput subject to prerequisite signal-to-interference-plus-noise ratio (SINR) constraint [6] , [7] . In more QoS-sensitive works [9] [10] [11] , joint power and resource allocation schemes are proposed, pairing D2D links with CUEs far away from the cell edge so that damages resulting from the cochannel interference can be minimized at the CUE receivers.
Nevertheless, the majority of existing works on D2D underlay and the associated interference control rely on the assumption of perfectly known channel-state information (CSI) at the serving BS (eNB) [8] [9] [10] [11] [12] [13] [14] . In practice, it is difficult and costly to acquire accurate CSI of various channels in D2D deployment, particularly for channel conditions involving mobile terminals. On one hand, the estimated CSI of every active link must be sent to the serving eNB for D2D underlay interference control. On the other hand, when mobile nodes are involved, frequent updating of CSI estimates and transmissions consumes too much valuable bandwidth and power resources. To facilitate practical application, D2D underlay networks with partial CSI have gathered momentum recently [15] [16] [17] [18] [19] [20] . A novel D2D link admission strategy was proposed in [15] based on channel and social interaction statistics. The authors in [16] and [17] demonstrated that D2D communications can achieve better outage performance by introducing cooperation between D2D links and cellular infrastructure. The authors in [18] further introduce massive MIMO into a D2D underlay system for better interference control under both full and partial CSI cases. While these works reveal the exciting potential of bringing D2D communications into cellular networks, the problem of effective interference management under user QoS constraints remains open. In fact, there exist few published results considering imperfect CSI in optimizing resource pairing between CUEs and D2D links in D2D underlay deployments. One recent work [19] proposed a framework of power control and resource sharing using local CSI. Statistical CSI is assumed in [20] for joint beamforming design of D2D and cellular transmission; however, the discussion applies only to the twouser interference channel and does not apply to combinatorial multiuser scenarios.
To exploit the benefits of D2D underlays under practical CSI conditions, joint power control and resource allocation is studied for a network that involves multiple D2D and cellular links. The eNB is assumed to be only apprised of long-term channel information, in terms of the Rayleigh fading characteristics. This means that stationary user terminals or frequent channel updates are no longer required. In practical implementation, the serving eNB can obtain channel statistics from the channel estimates based on the cellular pilot signals. Furthermore, the D2D user equipments (DUEs) can send back statistics of the D2D links through the control channels of the cellular infrastructure. To enforce the QoS requirements necessary for cellular services, minimum outage constraints are specified for both D2D and cellular links. The ergodic sum rate is then maximized to optimize the spectral efficiency of the system. The major contributions of this paper are twofold.
1)
We formulate a problem of maximizing the ergodic sum rate of D2D underlay system subject to both D2D and cellular outage constraints, based only on statistical (partial) CSI. Given the complication of the outage probability and ergodic sum rate for Rayleigh channels, a practical solution is proposed to address the resulting nonconvex optimization problem. 2) A simplified bipartite graph is constructed that substantially reduces the computation complexity for resource sharing between cellular links and D2D links. Numerical results verify that the proposed algorithm can be efficiently implemented with satisfying performance.
The remainder of this paper is organized into the following sections. Section II introduces the system model and problem formulation of joint power control and resource pairing in D2D underlay. In Section III, the multistep solution is outlined to maximize the ergodic sum rate subject to both D2D and cellular outage constraints. Section IV describes how to characterize candidate D2D sets under outage constraints. Section V discusses optimized power control and resource pairing between D2D links and CUEs based on an outage-constrained bipartite graph. Numerical results in Section VI demonstrate the performance improvement of the proposed scheme, and Section VII wraps up with concluding remarks. 
II. SYSTEM MODEL AND PROBLEM FORMULATION
This section first introduces our system model for the D2D cellular underlay system in Rayleigh fading channels. The QoS requirements are then specified in terms of outage probability. Finally, a maximum ergodic sum rate problem is formulated for jointly optimizing the transmit power and resource pairing of the D2D underlay system.
A. Channel Models
Without loss of generality, consider D2D communications in a single cell served by an eNB within a large cellular network. The eNB serves N CUEs and M D2D links (or DUE pairs) within its coverage area. The sets of CUEs and D2D links are denoted by C = {1, . . . , N} and D = {1, . . . , M}, respectively. To improve spectral utilization of the cellular system, the D2D links can be scheduled to share cellular uplink (UL) resources. This concept is motivated by the recognition that UL spectrum is often underutilized, as opposed to the downlink (DL) spectrum, in frequency-division duplexing-based systems [2] . Furthermore, since UL spectrum sharing affects only the interference at the eNB, the resulting interferences can be better handled by the more complex and more powerful eNB. The cellular channels are preallocated to CUEs, and each CUE occupies an orthogonal frequency band, e.g., in units of resource block groups, as defined in Long-Term Evolution (LTE) [21] . The case where each D2D link shares resources with only one CUE uplink is first considered. Afterward, a more generalized case will be discussed.
The specific system model is shown in Fig. 1 . The uplink channel gain between CUE i and the eNB is denoted by g i,B , and the channel gain of D2D pair j is denoted by g j . The interference channel gain from the transmitter of D2D pair j to the eNB and from CUE i to the receiver of DUE pair j are denoted by h j,B and h i,j , respectively. In a D2D enabled system, the serving eNB is fully in charge of resource allocation, for which certain CSI information is needed. In practice, the CSI of users can be obtained at the eNB based on classic channel estimation with the help of training sequences. Nevertheless, instantaneous CSI of the various channels h j,B , g j , h i,j , g i,B consumes high signaling overhead for frequent CSI updates and resource allocation, which is therefore not practical. For this reason, it is proposed that the eNB uses only statistical information for resource allocation. The statistical CSI can be obtained based on long-term channel observation, which is more accurate than instantaneous CSI. Furthermore, it accommodates less costly eNB scheduling.
B. Rayleigh Fading Channels
This work assumes Rayleigh fading channels as is commonly adopted in the related literature [20] . Rayleigh fading characterizes a large class of channels in mobile wireless communications [22] for which the channel gain follows an exponential distribution. Let exp(λ) denote the exponential distribution with mean λ. Its probability density function (PDF) is given by
where u(·) is the unit step function. Considering the availability of different link information at the eNB, the channel models of the D2D links and cellular links are characterized separately. 1) D2D Links: In Fig. 1 , D2D links g j and h i,j are not directly connected to the serving eNB. Hence, it is assumed that the eNB only has statistical information that
, where γ j and γ i,j are the expected channel power gains of D2D direct link g j and interference link h i,j , respectively.
2) Cellular Links: Depending on the rate of channel variation and the frequency of CSI estimation by the eNB, the cellular uplink CSI is either perfectly estimated or outdated (imperfect). Considering these two cases, the CSI of cellular links g i,B and h j,B is specified according to the following two scenarios.
• Full Cellular CSI: The instantaneous CSI of g i,B and h j,B is known at the eNB. This corresponds to very slow fading channel model in which the CSI remains unchanged within a sufficiently long channel coherence time after CSI estimation and/or feedback [22] .
• Statistical Cellular CSI: The eNB has statistical infor-
. This applies to the case of fading channels associated with mobile nodes, where delay of CSI estimation and/or feedback is longer than the coherence time of the channel.
C. Outage QoS Requirements
The QoS requirement of the user nodes is now characterized based on the wireless channel models. Let P 
For the full CSI scenario, the QoS requirement of cellular link (3a) can be simplified as
D. Problem Formulation
Our objective is to maximize the ergodic sum rate of the system under outage constraints of both the cellular and D2D links. The problem formulation assumes one-to-one pairing between the CUE resource and the D2D link. This problem formulation is captured by the bipartite graph in Fig. 2 . The CUEs and D2D links belong to two disjoint sets. CUE i is connected to D2D link j, if they share the same spectrum. The scenario in which CUEs are not sharing spectrum with any D2D links can be captured by adding N dummy nodes in the D2D link set. In other words, if a CUE cannot accommodate any suitable D2D link partner, then it will not share its resource. Consequently, any unpaired D2D links could only use dedicated resource or switch back to cellular mode.
Based on the QoS requirements of user nodes, the serving eNB will draw the edges in the bipartite graph pairing CUEs with D2D links. It may assign one D2D link to each CUE i for resource sharing or none. The edge assignment decisions are made by solving the following mathematical problem:
(5h)
The set {ρ i,j , P Correspondingly, CUE i is connected to D2D link j in the bipartite graph in Fig. 2 if and only if ρ i,j = 1. Constraints (5b) and (5c) enforce the outage constraints for each valid pairing. Constraints (5d) and (5e) regulate that a CUE can be connected to at most one D2D link and vice versa. Constraints on the power of the UEs are denoted by (5g) and (5h).
Problem (5) can be cast as a maximum bipartite matching problem. However, because of the constraints in (5b)-(5f), it is difficult to characterize the weight of the graph. Computationally, the optimization problem (5) [23] and hence quite challenging to solve. This paper describes a practical suboptimal method to approach (5) such that the problem can be solved with a low-complexity algorithm, while achieving negligible performance loss.
E. D2D Rate Splitting for Extended System Models
Previous works, such as in [7] , not only require full CSI of all links but typically also require exactly the same number of D2D links and CUEs in resource sharing. Our problem formulation no longer requires the full CSI requirement. Moreover, although our investigation focuses on one-to-one paired resource sharing between CUEs and D2D links, practical consideration may require us to split each D2D link to reuse multiple CUE resources.
Recall the D2D link QoS requirement in (3b). For certain applications, a D2D link rate requirement R d j,min may be very large such that no single CUE i can satisfy the QoS requirements in (3a) and (3b) simultaneously. In such cases, the D2D link rate may be split across multiple CUE resources to improve spectrum efficiency. Suppose that the D2D link requires a substantially large R d j 0 ,min . This rate requirement may be split into R d j 0 ,min /m j 0 across m j 0 virtual D2D links. Given the m j 0 virtual D2D links after rate splitting, our problem formulation can be applied, and the proposed solution follows directly. However, the selection of m j 0 should be dynamically adjusted, possibly according to the gap between the rate requirement and the deliverable rate.
On the other hand, it is also possible to assign a CUE with multiple channel resources. Naturally, it might be possible to match one CUE to multiple D2D links. Obviously, the one-toone matching method proposed in this paper is also applicable for this case when a CUE occupies multiple channels. Thus, each channel occupied by such CUE can be regarded as a virtual CUE, and the problem reduces back into a one-to-one matching problem between virtual CUEs and D2D links.
The ergodic sum rate maximization problem is now based on the basic one-to-one pairing of D2D links with CUE resources. Whenever a solution leaves unmatched CUE resources and D2D links, rate splitting may be applied as described earlier.
Moreover, if the QoS requirements for potential D2D links cannot be met by matching, then it is the case that the feasibility region is empty. Thus, the D2D users will either request dedicated D2D spectrum without spectrum sharing or switch back to cellular mode.
III. PROPOSED SOLUTION STRUCTURE
To reduce the complexity of problem (5), our key approach is to trim the bipartite graph by enforcing the outage constraints of each pair. Specifically, the edge connecting CUE i to D2D link j can be removed, if the pairing cannot meet the predefined outage constraints. This will lead to a simplified bipartite graph that will reduce the complexity in characterizing the weight of the edges. Specifically, our solution consists of three steps.
1) Trimming:
In evaluating the outage requirements, the candidate D2D set for CUE i is defined as The characterization of D i reduces the number of edges in the bipartite graph, which further reduces the computational complexity of problem (5) because the power optimization of those invalid pairings can be avoided. However, it is generally time consuming to specify D i exactly since an exhaustive search is required over all possible power levels. To resolve this issue, more discussion on characterizing the candidate D2D sets is provided in Section IV.
2) Weight Characterization: Given D i , the weight of the outage-constrained bipartite graph can be expressed by
When j ∈ D i , the D2D link will not share spectrum with the CUE. Therefore, w i,j is the maximum ergodic rate of the cellular link. For j ∈ D i , s i,j is used to denote the optimal objective value of the following optimization problem:
For every valid pair (i, j), the aforementioned optimization problem is solved to characterize the weight of the edge. Therefore, it is critical to solve (8) efficiently. In [26] , it is proved that binary power control will be optimal in maximizing the sum rate of interference channel. The results, however, do not apply to problem (8) due to the outage constraints and statistical CSI.
In Section V-A, a suboptimal algorithm is presented to solve (8) quickly, while incurring slight performance degradation.
3) Matching:
After constructing the bipartite graph, the well-known Hungarian algorithm can be used to pair CUEs and D2D links to maximize the ergodic system sum rate. As shown earlier, our proposed three-step method guarantees D2D and cellular outage requirements with the objective of maximizing the system ergodic sum rate.
IV. TRIMMING
This section focuses on Step 1) of our proposed solution, where the bipartite graph in Fig. 2 is trimmed by removing those edges that cannot satisfy the outage constraints. This step is mainly based on the candidate D2D set defined in (6) 
A. Outage Probability Analysis
Denote X = P 
Applying the same procedures to η d i,j gives the following integration results:
B. Feasible Regions
Substituting (10a) and (10b) into (6), the candidate D2D set is now characterized by Correspondingly, the feasible power regions for each outage constraint are expressed by
where 
C. Candidate Exclusion Set
Recall the discussion in Section IV-B; j ∈ D i if and only if F
Here, our analysis will focus on the two outage constraints and the intersection of their feasible regions in terms of (P 
Now, definê
Since
As a result,F
Define the candidate exclusion set as
Then, it holds that
D. Trimming
Based on (16), the candidate exclusion set S i can be used to trim the bipartite graph. For any i ∈ C, j ∈ D, the edge i−j can be erased if j ∈ S i . Correspondingly, the weight on the bipartite graph can be specified by
Notice that j > M represents a dummy D2D link that does not introduce any cochannel interference to the CUEs. We note that S i is a subset of the complementary set of D i within D. Since both (13a) and (13b) are characterized by linear constraints, S i admits the following closed form:
which only requires statistical information of the cellular and D2D links. Furthermore, the problem in (8) need not be solved for j ∈ S i . Therefore, the trimming step is prominent in reducing the computational complexity of the joint power control and resource pairing problem.
E. Special Case: Full Cellular CSI
In the special case when the full cellular uplink CSI is known, the candidate D2D set can be also determined with less complexity. For full cellular link CSI, the QoS constraint for the cellular link becomes
instead of the outage constraint. The definition of the candidate D2D set changes accordingly. Specifically, the candidate D2D set is expressed by
Corresponding toF
in (13a), a larger set is defined aŝ
Furthermore, a new exclusion set can be defined as
for which we conclude that j ∈ S i ⇒ j ∈ D i . Hence, S i can be replaced with S i in (17) for constructing the bipartite graph when full CSI is assumed for the cellular links.
V. WEIGHT CHARACTERIZATION
After eliminating certain edges of the bipartite graph using the outage constraints, the weights for the remaining edges can now be characterized, corresponding to Step 2) outlined in Section III. This step mainly relies on solving problem (8) , for which it is generally difficult to obtain the optimal solution due to the complication of the outage constraints and the objective function. After investigating the objective function, a practical method is proposed to solve the problem combined with the constraints.
A. Ergodic Sum Rate
According to [25, Lemma 2] , we can consider the following lemma of exponential variables to characterize the ergodic rates.
Lemma 1:
as the objective function of problem (8) . Using the results in Lemma 1, the ergodic sum rate of CUE i and D2D link j can be characterized into the following semiclosed form:
Applying the same technique in [26] , it can be proved that the following lemma also holds for the ergodic sum rate. Lemma 2: At least one of P (21) which is the top and right boundary lines of the power regions in Fig. 3 . From Lemma 2, it suffices to implement the 1-D search over L i,j to locate the maximizer of the ergodic sum rate, instead of a 2-D search over the plane. This can significantly accelerate the speed of the weight characterization, which needs to be implemented for every edge in the simplified bipartite graph. To guarantee the outage constraints in problem (8) , the feasibility of each point on L i,j can be checked.
B. Weight Characterization
Combining with the trimming step introduced in Section IV, the "Restricted 1-D Search" in Algorithm 1 is proposed to characterize the weight of the bipartite graph. As illustrated in Line 2 of the algorithm, only w i,j for j ∈ S i needs to be calculated, thus reducing the complexity of power optimization. Line 3 implements 1-D search over the upper right boundary of the power region to locate the maximizer of the ergodic sum rate. Meanwhile, the feasibility of each point is checked at Line 4 to ensure the outage constraints. 
Algorithm 1 Restricted 1-D Search
Compare the ergodic rate with and without 6: resource sharing, choose the better case: 7:
end if 9: end for 10: end if After constructing the bipartite graph, the Hungarian algorithm can be applied to find the optimal pairing between CUEs and D2D links for maximizing the system sum rate. Due to the outage constraints, the optimal solution of problem (8) may not necessarily be on L i,j . Therefore, the proposed "Restricted 1-D Search" method can only approximately solve the problem (8) . However, the 1-D search method, as a nice tradeoff, significantly reduces the computational complexity in constructing the bipartite graph. As will be observed from our simulation results in Section V, the resulting performance loss of applying 1-D search is negligible, whereas its computation is much faster than the 2-D search.
C. Special Case: Full Cellular CSI
For full cellular link CSI at the eNB, only the expected D2D rate needs to be evaluated. Therefore, the objective function of problem (8) in this case is expressed by
Algorithm 1 can also be applied to construct the bipartite graph, and the resource pairing can be further optimized by using the Hungarian algorithm.
VI. NUMERICAL RESULTS AND ANALYSIS
This section presents numerical results to demonstrate the performance of our proposed outage-constrained resourceallocation method.
A. Simulation Setup
Table I provides most of the simulation parameters in our test setup. Our test setup considers the coverage of a single cell of radius of 500 m. The DUEs in proximity with distance less than 50 m may form D2D links communicating directly. The noise and path loss parameters follow the LTE channel model in [21] . Throughout the tests, the outage thresholds are set as η To demonstrate the performance of our proposed scheme, we generate the UE locations randomly, as shown in Fig. 4 , based on which the mean channel strengths are determined according to Table I . 
B. Complexity Reduction
The performance of our proposed "Restricted 1-D Search" method introduced in Section V-B, which is based on the following three steps, is first evaluated. 1) Trim the bipartite graph using the exclusion set S i for all i ∈ C. 2) Characterize bipartite graph weights using Algorithm 1.
3) Apply the Hungarian algorithm for matching to maximize network ergodic sum rate. For comparison, the "Exhaustive 2-D Search" method is also implemented as described in the following.
• For each pairing (i, j), apply a full 2-D search to find the optimal solution to problem (8).
• If there is no feasible (P 
C. Performance With Statistical CSI
We first demonstrate the performance of our proposed scheme for a fixed and randomly generated configuration of UEs of M = 4 and N = 4, 8. Fig. 5 illustrates the performance and complexity tradeoff of the algorithms, where only statistical CSI is available at the eNB for power control and resource pairing when the number of CUEs is N = 4. The admission probability in Fig. 5(a) denotes the faction of N CUEs that successfully allow resource sharing with D2D links under their outage constraints of 0.1. For a small-enough target rate R c i,min , all four CUEs can share resources with 100% admission probability. Clearly, when the target rate R c i,min becomes higher for a fixed power limit, the admission probability decreases from 1 → 3/4 → 2/4 → 1/4. Correspondingly, the ergodic sum rate shown in Fig. 5(b) also drops each time the admitted number of D2D pairs decreases, as shown in Fig. 5(a) . This rate loss is directly attributed to the loss of D2D rate when CUEs refuse to share their resources to meet their own QoS constraints.
To further illustrate the algorithm's ability to ensure a CUE's QoS, Fig. 5(c) provides the outage probability of CUE 3 based on (10) . Apparently, the outage probability is always below but close to the outage threshold η c i,max = 0.1, when CUE 3 shares its resource with a D2D link. We can see that because of limited CUE transmit power and interference between D2D and CUE, CUE 3 can no longer find a good D2D partner to share its spectrum when R c i,min > 4.3, thereby reducing to the no-D2D state. As a result, it is natural for those CUEs to refuse to share their resource such that the resource reuse indicator ρ i,j turns into zero. Thus, our algorithm generates the same outage rate as the no-D2D case for CUE 3 in Fig. 5(c) . Furthermore, the optimal power maximizing the ergodic sum rate has been investigated. The optimal P d j of D2D link-3 is shown in Fig. 5(d) . Clearly, the optimal P d j decreases as the CUE quality requirement becomes more demanding with increasing R c i,min . To keep the outage probability of CUE under 0.1, D2D interference to CUE must be reduced by using a smaller P In terms of complexity, our proposed 1-D search method achieves basically the same performance as achieved by the exhaustive 2-D search method, and Fig. 5(e) demonstrates that it consumes much less computational time. Therefore, the 1-D search method strikes a good balance in reducing complexity while maintaining satisfying rate performance. We notice that larger R c i,min leads to shorter computation time. This complexity reduction is the direct consequence of a larger exclusion set. Therefore, Fig. 5(e) shows the effect of both steps (exclusion set and 1-D search) in our algorithm for complexity reduction.
Other simulation test results in Fig. 6 only change the number of CUEs to N = 8. As shown in Fig. 6 , the achievable sum rate is larger as more CUEs allow D2D links to find a better reuse partner, leading to better performance. It is also clear that more simulation time is consumed when N = 8, since there are more edges.
D. Full Cellular CSI Model
We now consider the case of full cellular CSI at the eNB, while D2D CSI is statistical. The network topology is the same as in Fig. 4 ; however, the instantaneous channel gains are generated randomly, following an exponential distribution, 1000 times. After averaging over different channel realizations, admission probability, ergodic sum rate, and simulation runtime are shown in Fig. 7 . Again, the 1-D search method achieves almost the same performance as the exhaustive 2-D search method, although requiring much less computation time, as shown in Fig. 7(c) . 
E. Comparison With Deterministic CSI Models
Previous works have assumed full CSI for both cellular and D2D links, in which case the QoS-constrained problem (8) can be modified into the following form:
The full-CSI-based sum rate maximization problem has been studied in [7] . However, it is usually difficult to obtain full CSI for all the links. One may naively believe that we could simply replace the channel gain by its known mean. We shall test how this approach would perform to dispel any wishful thinking. In Fig. 8 , we compare the results of the QoS-constrained rate maximization problem under the following two CSI models:
• "Statistical": [problem (5)] Rayleigh CSI model is assumed for all links; • "Mean": [problem (22) ] The mean channel gain is used as the corresponding estimate of true CSI. Fig. 8(a) shows that mean-CSI-based pairing achieves higher admission probability and better ergodic sum rate in Fig. 8(b) . However, this comes at the cost of much worse outage probability of CUE 3, as shown in Fig. 8(c) . Notice that we have increased P c i,max = 400 mW to reduce the CUE outage probability. The mean CSI method causes cellular outage of CUE 3 to exceed η c i,max = 0.1, whereas the CUE-3 outage probability of our statistical method always stays below the threshold. Such results indicate that the mean CSI model is too loose when admitting resource sharing, at the cost of cellular link outage performance. On the other hand, the statistical model can guarantee the QoS requirements of the cellular infrastructure.
In the last set of figures, we average our results over 100 random trials in Fig. 9 , which shows the performance of our algorithm given only statistical CSI at the eNB for power optimization and resource sharing. The averaging led to smoother curves, although the general trends of all simulation results remain the same. The admission probability and the ergodic sum rate decrease with larger R c i,min , whereas the outage probability of CUEs grows instead but stays below the outage threshold η c i,j = 0.1. If the requisite rate is too high, CUEs can refuse to share their resources, and the corresponding outage probability may exceed the threshold without sufficient power, reducing to the case of no D2D. These results are consistent with the fixed network configuration results shown earlier and further demonstrate the benefits of our proposed algorithm without full CSI.
VII. CONCLUSION
This paper has investigated the resource-allocation problem of D2D underlay in practical cellular networks, where each cellular uplink user can be potentially matched with an underlay D2D link. Unlike previous works that assume full CSI, the wellknown Rayleigh fading channel model is considered along with statistical CSI. The optimization of ergodic sum rate for the paired CUE and D2D link is formulated subject to their individual QoS outage constraints and power constraints. To solve the NP-hard mixed-integer optimization problem, a systematic approach is proposed that first obtains a D2D candidate exclusion set for each CUE to reduce the problem complexity. The ergodic sum rate of each potential pair was then characterized under outage constraints with a reduced complexity 1-D search. The Hungarian algorithm was applied for optimal resource pairing. Extensive numerical results demonstrate the efficiency and effectiveness of the proposed method. Future works may consider the extension of the approach to include Rician and other fading channel models. 
